Objective Cryptococcal meningoencephalitis (CM) causes significant morbidity and mortality in human immunodeficiency virus (HIV)-negative and HIV-positive populations. White matter lesions (WMLs) have been reported in both populations of CM patients; however, the mechanisms underlying WML formation remain unknown. We herein report the relationship between the intrathecal immune response and the development of WMLs in HIV-negative patients with CM.
Introduction
Cryptococcal meningoencephalitis (CM) is a lifethreatening fungal infection of the central nervous system (CNS). Although CM is common in human immunodeficiency virus (HIV)-positive patients, HIV-negative CM patients have also been increasingly frequently encountered because of the widespread use of immunologic drugs against cancers and autoimmune disorders and the prevalence of diabetes mellitus, chronic liver and renal diseases especially in developed countries (1) (2) (3) .
In HIV-negative patients with CM, brain magnetic resonance imaging (MRI) often reveals dilated Virchow-Robin spaces, hydrocephalus, intracerebral nodules and pseudocysts, cortical and lacunar infarcts and gadolinium-enhanced leptomeningeal lesions (4) (5) (6) . In addition, white matter lesions (WMLs) have been reported in a few patients (7, 8) ; however, little is known about the pathogenic mechanisms of the lesions. In such cases, WMLs were found prior to the initiation of antifungal treatment and resolved almost completely in response to corticosteroids therapy. The pathologic study of an autopsied patient revealed perivascular lymphocytic inflammation in the cerebral white matter, which sug-gested aberrant immune reaction as a possible etiology of WMLs (8) .
We hypothesized that aberrant immune responses triggered by Cryptococcus infection in the CNS was associated with the development of WMLs in HIV-negative CM patients. In the present study, we used the cerebrospinal fluid immunoglobulin G (CSF IgG) index, an indicator of intrathecal IgG production, as a surrogate marker of the immune-mediated response in the CNS to investigate the relationships between clinical profiles and the development of WMLs.
Materials and Methods

Study cohort
This was a retrospective study conducted in Japan at Tokyo Medical and Dental University, Yokosuka Kyosai Hospital and Tsuchiura Kyodo General Hospital between April 2001 and March 2018. CM was defined as symptomatic meningoencephalitis with the presence of Cryptococcus neoformans in one or more CSF cultures or positive CSF India ink staining or cryptococcal antigen findings. We enrolled 11 HIV-negative CM patients who had not begun antifungal treatment for CM. All enrolled patients received complete medical and neurological examinations at the time of hospital admission.
Each participating hospital received either human research approval to enroll patients without individual patient consent under the Common Rule or a waiver of authorization and exemption from subsequent review by the ethics committees of Tokyo Medical and Dental University, Yokosuka Kyosai Hospital, and Tsuchiura Kyodo General Hospital. The study was conducted in compliance with the Declaration of Helsinki.
Clinical variables
As part of the participating hospitals' standard clinical practice, patient characteristics, including the age, gender, medical history, clinical manifestations, laboratory data, the time from the symptom onset to initial MRI and neuroimaging findings, were collected. The white blood cell count, glucose content and total protein content in the CSF were determined. The CSF IgG index was calculated using the following formula: (CSF IgG×serum albumin)/(serum IgG× CSF albumin). A CSF IgG index above 0.7 was indicative of intrathecal IgG synthesis (9) . The blood-CSF barrier integrity was assessed by calculating the ratio of the albumin concentration in CSF to that in serum (Qalb; normal value, <11), which increases with decreasing blood-CSF barrier integrity (10, 11) . Exploratory outcomes included the inhospital mortality, discharge disposition (home vs. nursing home) and modified Rankin Scale score [from 0 (no neurologic deficit) to 6 (death)] at discharge (12) .
Radiological investigations
All of the patients underwent MRI upon admission before receiving antifungal treatment. MRI findings were examined by one of two neurologists (T.O. and Y.KT.) who were blinded to clinical events. For the purpose of this study, the neurologists retrospectively reviewed all available MR images collected in HIV-negative patients with CM. For each enrolled patient, MRI sequences were obtained with different ! 1.5-tesla scanners and included at least an axial T1weighted (T1WI) sequence and a T2-weighted (T2WI) or fluid-attenuated inversion recovery (FLAIR) sequence at a slice thickness of 5 mm. WMLs were identified as hyperintensity lesions on T2WI or FLAIR sequences; however, cases with acute ischemic stroke and white matter leukoaraioses, whose putative causes are aging or smallvessel disease (13) , were excluded. Pseudocysts and cryptococcoma are typically found in the basal ganglia, thalamus and midbrain with surrounding edema that shows hyperintensity on T2WI or FLAIR. Pseudocysts are round or oval with hypointensity on both T1WI and FLAIR and hyperintensity on T2WI, and cryptococcoma are masses that are isointense at the walls with some hypointense areas in the core on T1WI and hypointensity at the walls with some hyperintense areas in the core on T2WI (14) . Cases with these MRI findings were also excluded.
Statistical analyses
Data were reported as the mean and standard deviation when distributions were confirmed to follow a normal distribution; the median and interquartile range (IQR) were reported otherwise. Categorical variables within two groups were compared using Fisher's exact test, and continuous variables within two groups were compared using the Mann-Whitney U test for non-parametric data. P values <0.05 were considered statistically significant. All statistical analyses were conducted using EZR (Saitama Medical Center, Jichi Medical University, Saitama, Japan), which is a graphical user interface for R (The R Foundation for Statistical Computing, Vienna, Austria).
Results
Patient characteristics
Eleven HIV-negative patients with CM (men:women, 9:2; median age, 75 years; IQR, 63-81) were enrolled (Supplementary material 1). Eight of the patients had underlying conditions, the most common being glucocorticoid or immunosuppressant use (n=4), diabetes mellitus (n=3), colorectal or nasopharyngeal cancer (n=3) and interstitial lung disease (n=3). The first-noticed neurological symptom was, in order of frequency, abnormal mental status (72.7%), headache (63.6%), a fever (63.6%) and seizure (9.1%). Although the treatment regimen and treatment duration varied among patients, all patients received amphotericin B or liposomal amphotericin B with or without flucytosine as primary therapy, and 63.6% of patients received fluconazole as maintenance therapy.
Radiological findings
The median duration from the symptom onset to initial MRI was 17.0 days (IQR, 7-32). Six 
A longer time from symptom onset to initial neuroimaging is associated with the development of WMLs
Patients were divided into two groups according to whether or not they presented with WMLs. We then investigated whether or not the development of WMLs was associated with various clinical features (Table 1) . Patients who presented with WMLs had a significantly longer median time from the symptom onset to initial neuroimaging (31.5 vs. 7.0 days, p=0.008). Based on the results, we found follow-up MRI in 3 out of 5 patients presenting without WMLs at baseline, and WMLs were not observed on follow-up MRI performed after a median of 41 days from the onset of symptoms (IQR 34-46). There were no significant differences in the underlying condition or initial symptom between the two groups. The in-hospital mortality rates were 16.7% for CM patients presenting with WMLs and 20.0% for those not presenting with WMLs (Supplementary material 1).
A higher CSF IgG index is associated with the development of WMLs
Next, we assessed the relationship between the presence of WMLs and various laboratory findings ( Table 2) . Patients presenting with WMLs had a significantly higher CSF IgG index at baseline than those without WMLs (1.34 vs. 0.70, p =0.017); however, the CSF IgG index in patients presenting with WMLs was not correlated with the WML size according to Spearman's rank correlation coefficient (ρ=0.60, p= 0.242). In addition, in patients not presenting with WMLs, the CSF IgG index measured at about the same time as follow-up MRI was not higher than that at baseline (p=0.75) and remained significantly lower than that in patients pre-senting with WMLs at baseline (0.71 vs. 1.34, p=0.048). Notably, there was no significant difference in the Qalb between the 2 groups (202 vs. 200, p<0.999), suggesting that both groups had comparable blood-CSF barrier dysfunction. There were no other significant differences in laboratory findings between the two groups.
Discussion
In this study of 11 consecutive HIV-negative patients with CM, we found that WMLs observed on MRI before the initiation of antifungal treatment were associated with a higher CSF IgG index at hospital admission and longer time from symptom onset to initial MRI. Previous case reports of HIVnegative CM patients with WMLs suggested the involvement of immunological responses triggered by Cryptococcus infection as a possible pathomechanism of the WMLs (7, 8) . Our present study further supports the hypothesis that sustained, aberrant immune responses in the CNS affect the development of WMLs.
A biopsy report of CM patients with WMLs showed perivascular lymphocyte collections and Cryptococcus engulfed within a small collection of macrophages (7) . The WMLs and clinical conditions of the patient responded evidently to corticosteroids therapy. The effect of adjunctive corticosteroid therapy on brain inflammatory lesions was also reported in non-HIV patients with CM, even after microbiological clearance has been documented by negative CSF cultures (7, 15) . Although the CSF IgG index was not determined in those previous reports, the reported pathological findings and dramatic response of WMLs to glucocorticoids support the involvement of the immune response to Cryptococcus infection in the WML formation. Furthermore, C. neoformans is known to be a major pathogen capable of eliciting a lymphocyte response as a mitogen (16) . In experimental cryptococcosis, antibody-mediated immunity can be harmful to the host, depending on the degree of its activation relative to the inoculum of C. neoformans (17) . These findings suggest the possibility that immune activation by Cryptococcus infection produces an inappropriate immune response or inflammatory imbalance, resulting in the development of WMLs.
Previous reports examining neuroradiological findings in HIV-negative patients with CM refer little to WMLs (4-6); however, a recent study using diffusion tensor imaging has revealed marked white matter structural damage in HIVnegative patients with CM, which was associated with an increased CSF cryptococcal antigen titer (18) . The prevalence of WMLs in HIV-negative patients with CM was more frequent than that previously reported despite the small number of patients included in our study. The WMLs found in the present study predominantly involved juxtacortical white matter without gadolinium enhancement or mass effect and showed hypointensity on T1-weighted imaging, isointensity on diffusion-weighted imaging (DWI) and an increase in the apparent diffusion coefficient (ADC). ADCs have been 6, 81-year-old man (x-z). (a, f, k, p, t, (f, arrowhead) and a previous brain contusion (t, *). (b, g, l, q, u , suggesting infarction as a complication of CM (l, q, arrowhead). (c, h, m, r, v) Axial apparent diffusion coefficient maps showing increased apparent diffusion coefficient values in WMLs. (d, i, n, y WMLs. (e, j, o, s, w, z shown to be increased as a consequence of vasogenic edema or perivascular infiltration in acute inflammatory demyelinating lesions, and their subsequent increase in some lesions may represent the destruction of the matrix, demyelination and axonal loss (19, 20) . The MR appearance on DWI of meningoencephalitis is also related to pathologic changes that occur following infectious involvement (21, 22) . In the acute phase of meningoencephalitis, perivascular infiltration or congestion is likely the pathological cause of cytotoxic edema, which leads to restricted diffusion. In the subacute phase, the ADC starts to increase with the gradual development of prominent inflammatory edematous changes. This phase is also accompanied by vasogenic and interstitial edema, which contribute to the lesion becoming visible on T 2-weighted MRI (21) . Indeed, our present study showed that the time from the symptom onset to initial neuroimaging was associated with the development of WMLs, and CM patients with WMLs in previous reports also tended to have a long duration (>20 days) from the symptom onset to the diagnosis (7, 8) . In these situations, a persistent immune response, which is originally necessary for the clearance of Cryptococcus from the CNS, may cause secondary inflammation sufficient to elicit WML formation (23) .
Figure. Representative magnetic resonance (MR) images of white matter lesions (WMLs) in HIVnegative patients with cryptococcal meningoencephalitis (CM). Case 1, 80-year-old woman (a-e); case 2, 33-year-old man (f-j); case 3, 79-year-old man (k-o); case 4, 89-year-old woman (p-s); case 5, 63-year-old man (t-w); case
x) Axial T2-weighted or fluid-attenuated inversion recovery images showing WMLs (arrows), leptomeningeal high intensities
) Axial diffusion-weighted images showing no high intensities at the location of the WMLs
) Axial T1-weighted images with contrast infusion displaying no enhancement in
Several limitations associated with the present study warrant mention. First, this was a retrospective study that included three emergency hospitals with a relatively small sample size. Second, other potential risk factors, such as inflammatory indicators and immunological factors, including the CSF cryptococcal antigen titer or oligoclonal band, were not available for an analysis because of incomplete records. Third, the majority of patients enrolled in this study were men; one potential reason for this is that men more often present with CM-related lesions than women (4) . Additional prospective studies with larger sample sizes and more complete records are required to confirm and extend our findings.
Conclusion
We found that WMLs in HIV-negative patients with CM were associated with a higher CSF IgG index and longer time from the symptom onset to initial neuroimaging. These findings suggest that a persistent, aberrant immune response in the CNS may be a crucial part of the pathogenesis of WMLs in patients with CM. Although more information on pathologic and immunologic alternations in the CNS caused by Cryptococcus infection is crucial for understanding the pathogenesis of WMLs, the possible contribution of persistent, aberrant immune responses in WMLs may be a clue suggesting better therapeutic strategies for HIV-negative CM patients, such as antifungal therapy with immunosuppressants like corticosteroids. Furthermore, when treating patients with a longer duration of disease and with WMLs on pretreatment MRI, corticosteroids may be useful for resolving WMLs and help prevent irreversible CNS damage and neurologic sequelae.
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